Zn-ceramic composite coatings on carbon steel were prepared by a process consisting of two steps. The Zndiffusing coating was produced by a Zn-slurry process, followed by sol-gel deposition of Si0 2 or S1O2/AI2O3 layers. A Zn-Si0 2 or a Zn-Si02/Al 2 0 3 composite coating was formed on carbon steel. The sol-gel solutions used in these experiments were modified by dispersion of Si0 2 and α-Α1 2 0 3 powders. Microstructural studies showed that the top porous surface of Zn-diffusing coating on carbon steel was covered fully with the fine powders of Si0 2 and Si0 2 /Al 2 0 3 . The properties of the composite coatings were improved with the combined advantages of Zn and ceramic coatings. Erosion-corrosion, high-temperature oxidation and sulphidation tests were carried out, indicating that the corrosion resistance of the composite coatings in water and in 3.5 mass % NaCl solution was significantly improved. The composite coatings also showed greatly improved resistance to high-temperature oxidation in air and sulphidation in H 2 S atmosphere at 773K (500°C).
INTRODUCTION
Surface composition and microstructure of coatings play an important role in corrosion protection of metals.
The corrosion rate would be accelerated by porous In this work, we took advantage of the porous structure of the Zn diffusion surface as the base, and deposited a coating onto the top coating by sol-gel method. Fine ceramic particles filled in the pores on the surface, eliminating the porosity and cracking of Zndiffusion coatings. The bonding between the ceramic layer and Zn-coating is strong due to the porosity on the coating. Zn-ceramic composite coatings produced by this method possess superior properties compared with the single Zn or ceramic coatings.
EXPERIMENTAL PROCEDURES

Zn-slurry diffusing processes
Carbon steel (0.19 % C, 0.18 % Si, 0.65 % Mn, all mass %, and balanced with Fe) sheet were cut into 1 χ 13 χ 13 (10" 4 m) 3 and used as substrate for the coatings.
Tube samples with the size of φ25 χ 2.5 χ 30 (10" 4 m) 3 were also prepared to imitate the corrosion conditions of heat exchangers. The substrates were polished using 600-grit SiC papers and cleaned with acetone.
The slurries used in the Zn-diffusing processes consisted of pure Zn powders (grain size -όΟχΙΟ" 6 m), activator (NH4CI) and varnish as suspending agent. The materials were blended together and milled into slurry. The substrates were then painted with the slurries to a level of 2000-5000 g/m 2 , and dried at 393K (120°C) for 30 min. The substrates with the bisque were placed in a retort and heated to 753K (480°C) in a furnace with flowing argon gas for 5 h, followed by cooling to room temperature in the furnace. The surfaces of substrates were slightly brushed to remove loose bisque and washed with acetone in an ultrasonic bath.
Deposition of ceramic layer by sol-gel method
A water-based polymeric silica sol-gel was used in , the experiments with 25 mass % silicon dioxide. Si0 2 powder (-100 nm) and α-Α1 2 0 3 powder (-20 μιτι) were added to the sol-gel solution. To avoid powder depositing, polyvinyl alcohol (PVA, -1 mass % of the total sol-powder mixture) was used to disperse the fine ceramic powders in the sol-gel solution. The sol-gel to powder loading ratio was fixed at 8:1 by weight, a composition that contains enough sol-gel to adequately bind the powder together, and a sufficient powder loading to produce thick and adhesive coating layers.
The sols were mixed by ball-milling to break large clusters and to ensure uniformity.
The surface of plate-like substrates and tube specimens was coated with the modified sols using dipping method. The specimens were dried at 353K (80°C) for 20 min in an oven, and fired at 723K (450°C) for 60 min in a furnace to remove the remaining organic components.
Corrosion tests
The erosion-corrosion tests were performed in a rotary corrosion experimental device shown elsewhere /4/. The tube specimens with composite coatings were fastened on a plate rotating with a speed of 1 m/s in water and 3.5% NaCl solution at 313K (40°C) for 100 h. The corrosion rate was evaluated by the weight changes of the specimens.
High-temperature oxidation and sulphidation tests were carried out in a horizontal tub furnace at 773K (500°C) with flowing dry air and Ar+10%H 2 S, respectively. The mass changes and oxide spallation of the specimens were measured at certain time intervals by an electronic balance (Mettler AE240) with a weighing accuracy of 2 χ 10" 5 g.
Microstructure characterization
Surface and cross-sectional morphology of the specimens used in these experiments were performed on a scanning electron microscope (SEM). The composition was analyzed by X-ray energy dispersive spectroscopy (EDS). Phases on the surface layer were identified by X-ray diffraction (XRD) which were carried out with 12 kW, CuK« radiation of λ = 0.15405 nm, and small steps of 20 = 0.02°.
RESULTS AND DISCUSSION
Characterization of the composite coatings
Zn-diffusion coatings have been produced on carbon steels by slurry process at 753K (480°C) for 5 h. The thickness of the coatings was -50 μπι when the amount of bisques painted on the substrate was -3000 g/m 2 . Figure 1 shows the cross-section and surface Zn-Si0 2 and Zn-Si02/Al 2 0 3 composite coatings were obtained by dipping the treated substrates in modified sol-gel solution. Figure 2 shows the surface micrograph of these composite coatings. The surface deposited with ceramic layer appears much denser and more homogeneous than the un-coated surface. The pores on the surface of Zn-coatings were well covered with fine ceramic particles. Table 1 shows the EDS analysis taken from the surface with and without ceramic coatings. The composition of Si in Zn-Si0 2 coating was -58 mass %, while the compositions of Si and Al in Zn-Si0 2 /Al 2 0 3 coating were -43 mass % and -34 mass %, respectively. It was evident that a ceramic layer had been deposited on the surface. However, the surface also shows some Zn contents, implying that the ceramic layer was thin in some areas, so Zn was exposed to the surface. degree of protective ability to oxidation. The surface of Zn-Si0 2 coating after oxidation also shows a compact structure with some large nodules (Fig. 6b) . It was identified by XRD as ZnO (Fig. 6d) . The formation of ZnO combined with Si0 2 resulted in a multi-phase oxide scale, increasing the oxidation resistance of the steel samples. Zn-Si0 2 /Al 2 03 coatings after oxidation showed a smooth surface. However, some cracks could be seen (Fig. 6c) . XRD spectra show a mixture of ZnO and A1 2 0 3 . A1 2 0 3 containing films usually have good oxidation resistance, as in this case with a very low oxidation rate (Fig. 5) .
Erosion-corrosion resistance
The porous structure on the top surface of the Zn diffusion coating was used as the base for the ceramic layers to gain a tight bonding. The composite coatings therefore have a homogeneous and dense structure with combined properties of both sherardizing and ceramic coatings. The erosion-corrosion resistance, hightemperature oxidation and sulphidation resistance of the steel were significantly improved. The concept used in this method, depositing fine ceramic particles onto a porous metal coating surface, provides an option to improve the properties of metallic coatings.
High-temperature sulphidation resistance
The high-temperature sulphidation resistance was also significantly improved by the coatings. The mass gains of the specimens with coatings were only 1/16 of that of carbon steel after exposing in Ar+10 vol. %H 2 S atmosphere at 773K (500°C) for 50 h (Fig. 7) . It is also interesting to find that the three coatings, Zn, Zn-Si0 2 and Zn-Si0 2 /Al 2 0 3 , did not show much difference in the experiments, implying that Zn coating is the main reason to improve the sulphidation resistance. 
CONCLUSION
Zn-Si0 2 and Zn-Si0 2 /Al 2 0 3 composite coatings were produced on carbon steel by Zn-slurry process followed by sol-gel deposition of Si0 2 and Si0z/Al 2 0 3 .
